The present study sought to verify object size perception through internal modeling while lifting an object. Electromyography (EMG) activity of the upper limb muscles was recorded while 20 healthy females alternately lifted two containers of the same weight, but were unequal in size. When subjects lifted the small container, a significant increase was observed in the EMG activity. Most subjects determined that the small container was heavier than the large container, and predicted that the large container would be heavier than the small container due to size difference. The results may be explained by supporting that subjects predict object weight based on perception of size through internal modeling; however, predictions are cross-checked and modified through sensory feedback based on subjective weight. J Physiol Anthropol 25(2): [163][164][165][166][167][168][169] 2006 
Introduction
When handling an object that is of common use in our daily life and can be visually and tactually distinguished, a force that corresponds to the weight of this object can be predicted. For example, when first lifting an article such as a glass or a bowl, the weight of the object can be predicted and an appropriate force can be generated at the finger tips and within the arm before tactile information regarding weight is received as feedback Gordon et al., 1991a, b; Gordon et al., 1993) . This prediction can be made with a glass or a bowl at a shop that has never been lifted before. In fact, predicting whether or not an object can be lifted is also possible merely through visual observation. A representation within the brain and motor imagery (Jeannerod, 1994) are formed which allows an individual to determine if the object can be lifted by oneself and whether it can be lifted by one or both hands. Thus, humans use tactile information to select internal models (Ito, 1970; Kawato, 1999 ) acquired through objects that have been used in everyday life. In other words, it implies that a suitable force of muscle contraction is made available to lift the object via a feed-forward mechanism based on the advanced perception of the weight of the object using an internal model formed on the relationship between the size and weight of the object. Gordon et al. (1991b) found that lifting objects used in daily life is based on memory of past experiences, formed as internal models when visual information such as size is integrated into motor programs parallel with past experiences.
On the other hand, failing to correctly predict the weight of an object commensurate with its size causes an error in the ability of the arm to produce force through muscle contraction, and a failure in the ability to lift the object occurs. The sizeweight illusion can be cited as a phenomenon that corresponds to this concept. The size-weight illusion is a perceptual phenomenon that has been known for more than 100 years (Murray et al., 1999) . For example, when lifting objects whose weights are the same, but whose sizes are different, a large muscle force is generated when lifting a large object (Gordon et al., 1991b; Flanagan and Beltzner, 2000; Kawai, 2003) while a small force is generated when lifting a small object even though we feel that the smaller object is heavy (Wolfe, 1898; Nyssen and Bourdon, 1995; Ellis and Lederman, 1993) . In fact, all these experiments which relate to problems of gripping and lifting light, small boxes (Gordon et al., 1991b; Flanagan and Beltzner, 2000; Kawai, 2003) alternatively can be considered as a motor skill requiring quick gripping motion, during reaching when a larger force is generated in order to lift a lighter small box. The action can be considered accomplished through feed-forward control system. Nevertheless, it is surmised that feedback control is additionally provided if a slow lifting speed is used to lift a larger object. Such research shows that acts are considered as quick grasp motor control after a ballistic motor in reaching and that acts are accomplished only by feed-forward control. However, it is assumed that, in case the lifting speed inevitably The present study uses two containers with equal weights but differing sizes to investigate a series of motor control processes using an internal model formed through motor memory based on the perception of object size acquired through personal experience. Specifically we studied the retention of motor memory acquired by the experience of lifting these two containers. Although the internal model predicts the amount of muscle force required to lift an object, the force applied is immediately adjusted through sensory feedback provided by the weight of the object.
Methods

Subjects
Twenty healthy, female subjects 18 to 26 years of age were used in the present study. Subjects were 20.2Ϯ2.3 years old, 156.9Ϯ2.8 cm tall and weighed 51.2Ϯ3.5 kg. All subjects were free from any vision or motor function abnormalities which would prevent them from carrying out experimental tasks. All experimental procedures were explained to the subjects and informed consent was obtained prior to their participation in the study.
Procedures
Two containers of different sizes (small and large) and identical weight were used. The small container measured 23.0 cm in diameter, 21.0 cm in height and was 400.0 g in weight, while the large container measured 31.0 cm in diameter, 28.5 cm in height and was 800.0 g in weight. These containers were obtained by modifying plastic buckets that are routinely used in daily life. Both containers were of a light gray color. The total weight of the containers was made equal by placing lead bars (400.0 g each) into the buckets. The weight of each container was set to be approximately10% of the body weight of each subject. The lead bars were wrapped in a cloth and placed around the center of the buckets in a circular arrangement (20.0 cm diameter) such that force would be uniformly applied. A lid was placed on the containers to prevent the subjects from viewing the contents. The environment around the containers was adjusted such that there was no visual input other than the containers' size and color. A box 7.5 cm high was placed under the small container to make the heights of the handle grips of the boxes from the ground equal. In order to prevent trunk motion a cord attached to a plastic handle grip 12.0 cm wide was tied to the center of the handle of the container.
The subjects stood in front of the containers and judged the sizes of the two containers. Facing each container, the subjects stood 15 cm in distance from the toes to the container. Using the dominant hand, the subjects lightly gripped the handle attached to the container. When gripping the handle, the length of the cord connecting the handle grip to the container was adjusted such that the arm was initially flexed by 30°and then held at 90°, thus a range of movement of 60°at the elbow joint occurred when lifting the container. Subjects were cautioned not to contact the grip handle with the Norswitch II (Noraxon, model EM-134) mounted on the palm of the hand. Further instructions were given to the subjects to stand with the feet together and the inner edges of where the feet came into contact were aligned with the center of the container (Fig. 1) .
The subjects were asked to lift a container with the elbow flexed by 30°to about 90°in about two seconds and to hold the container in that position for one second. The subjects were asked to lower the container after hearing a signal by the measurer. Using an electronic metronome (YAMAHA ME-200, tempo 30 cycles/minute), the subjects were asked to practice bending of the elbow joint (arm flexion from 30°to 90°) ten times without lifting a container. Three instructions were given to the subjects, namely, to always lift a container with a smooth motion at a constant speed, to not grip the handle grip unnaturally when lifting a container, and to maintain the arm joint in an intermediate position, that is, to try to always lift the container through the motion of the elbow joint. The reason for setting the weight of a container to about 10% of body weight and the lifting time to 2 seconds is to add feedback control by increasing the weight more than in previous research and by lengthening the lifting time.
Ten subjects were assigned to Group A, designated for lifting a small container after lifting a large container (large → small) and ten subjects were assigned to Group B for lifting a large container after lifting a small container (small → large). All the subjects alternately lifted large and small containers in each trial with a total of five trials carried out.
Absolutely no information relating to size or weight was given to the subjects and any advice from the measurer or information exchange among the subjects that would serve as clues was prohibited. The temperature inside the room was maintained at about 20°C to minimize sweating on the palms of the subjects. The subjects were given a 5-minute interval between trial1 and trial 2, but no interval was given between trials 2 through 5.
A second test was conducted in each subject 30 days later using the same procedures as described above. Of course, subjects know at this stage that both containers are of the same weight.
Data records
The electromyographic (EMG) activity of the muscles used while lifting the containers was measured (MyoSystem1200, Noraxon). Surface EMG electrodes were placed on the dominant side of the body on the trapezius muscle, the deltoid muscle, the biceps brachii muscle and the brachioradialus muscle. The skin overlying the placement of the disposable electrodes was prepared in advance to assure good electrical conductance. Muscular discharge was produced by dipole induction. A grounding electrode was fixed to the olecranon process of the elbow. A Norswitch switch was mounted on the palm of the hand (end of third ossa metacarpi) to examine the timing of the containers as they were lifted from the floor. The Norswitch switch was synchronized to the EMG recording through an external input board ("NorBNC" Norxon, model EM135).
Following trials 1 and 5, In order to gain an introspective understanding, the subjects were asked, "Did you feel any difference in the weights of the containers?" "If you noticed any difference, which one was heavier?", "Did you think that there would be any difference before you lifted the containers?", "If so, which one did you think was heavier?" and "Why did you feel that way?" .
Data analysis
Using MyoResearch 2.11, analog signals acquired through the electrodes were A/D converted and were input into a personal computer at the sampling frequency of 1000Hz for data analysis. The data were smoothed and integration values (IEMG) for one second after the handle grips contacted the Norswitch switch were obtained. The subjects were then asked to perform maximum isometric contraction and IEMGs for one second during contraction were calculated. Baseline IEMG values were considered to be 100% and normalized values during lifting were calculated. Statistical processing was carried out using SPSS 12.0J for Windows and comparisons of %IEMGs while lifting large containers and %IEMGs while lifting small containers were processed by verification (paired t-test) of differences in corresponding average values. Verification was performed by a two-side verification method and the significance level was set at 5% or lower.
Results
%IEMG values during trial 1
The %IEMG values obtained while lifting a small container increased significantly in the biceps brachii and brachioradials muscles in subjects in Group A, and increased significantly in the deltoid muscle and the biceps brachii muscle of subjects in Group B (Table 1) . 
Introspection after trial 1
To the question "Did you feel any difference in the weights of the containers?" 14 subjects judged that the small container was heavier than the large container (8 subjects in Group A and 6 subjects in Group B), while six subjects judged that both were of equal weight (2 subjects in Group A and 4 subjects in Group B). No subjects judged that the large container was heavier than the small container. To the question "Did you think that there would be any difference before you lifted the containers?," 13 subjects judged that the large container would be heavier than the small container (8 subjects in Group A and 5 subjects in Group B), while five subjects judged that both would be equal in weight (1 subject in Group A and 4 subjects in Group B). Two persons replied that they did not think of anything (1 subject in Group A and 1 subject in Group B), while no one judged that the small container would be heavy than the small container prior to lifting them. The reason why the large container was judged as being heavier than the small container was entirely due to the "difference in size" and the reason why the two containers were judged equal in weight was that the subjects felt that "the two containers were empty."
%IEMGs after trial 2 to 5
Significant differences with regard to the %IEMG activity measured in the biceps brachii in subjects from Group A in trial 2 compared to that measured in the medial head of the deltoid muscle in subjects from Group B in trial 2 were recorded. Significant differences could not be detected among any of the other muscles in any trials. The differences between Groups A and B decreased as more lifting trials were performed (Table 2) .
Introspection after trial 5
After trial 5, 14 subjects judged that the small container was heaver than the large container (6 subjects in Group A and 8 subjects in Group B), while five subjects judged that both were equal in weight (3 subjects in Group A and 2 subjects in Group B). One person in Group A judged that the large container was heavier than the small container.
%IEMGs and Introspection after 30 days
During trials 1 to 5, no significant differences could be detected in the %IEMG measured for all the muscles in Groups A and B while lifting the small and large containers (Tables 3, 4) .
In terms of introspection, seven subjects judged that the small container was heavier than the large container (3 subjects in Group A and 4 subjects in Group B), while nine subjects judged that both were of equal weight (5 subjects in Group A and 4 subjects in Group B). Four subjects judged that the large container was heavier (2 subjects in Group A and 2 subjects in Group B).
Discussion
The size-weight illusion, in which an object with a small volume is judged heavier than an object with a large volume, occurs when the materials and weights of two objects are the same. This weight illusion is thought to be caused by differences in outward appearances such as the color, texture and shape of objects. This means that the perception of weight does not necessarily match the actual physical weight. In the past, the size-weight illusion has been considered to occur when the predicted weight and somatic sensation information differ after actually touching the object (Charpentier, 1891; Wolpert et al., 1995; Jordan and Rumelhart, 1992) or is due to a mismatch between the outward appearance and actual sensory input (Ross, 1969; Davis and Roberts, 1976; Granit, 1972) . However, recently, Flanagan et al. (2000) have found 166 Perception and Internal Modeling for Lifting that the grip force exerted while lifting an object and the force used to actually lift an object (load force) synchronize after measuring these forces simultaneously, indicating that humans predict forces using internal models to control object lifting motions. At the same time, Flanagan et al. (2000) have concluded that the size-weight illusion remains even though the grip force becomes equivalent following repeated tests, and even if the predicted weight is the same; thus the size-weight illusion occurs at a higher recognition level.
When an object is lifted, sensory feedback regarding the quantitative assessment of the object is predicted based on an internal model of the central nervous system. This prediction is referred to as efference copy (Von Holst, 1954) or corollary discharge (Sperry, 1950) and is compared and collated with the actual sensory feedback, in order to judge the weight of the object. Gordon et al. (1993) have elucidated that men exert a larger muscle force memories acquired from past experience implying that large objects are heavier than smaller objects according to visual information stored within the cerebellum, at the core of the motor control system. As a result of measurement of a grip force and load force when two boxes, one smaller and one larger (both boxes were smaller than the small container in this experiment) of the same weight are gripped and lifted, a greater muscle force is demonstrated when the larger box was lifted even though the size-weight illusion is recognized (Flanagan et al., 2000) . This is due to the prediction that the larger box was heavier than the small box based on visual information and that muscle force was exhibited accordingly. However, the weights of the objects used in these experiments are lighter than the weights of the containers used in this experiment and it can be surmised that lifting could be accomplished only through feed forward since the action of gripping and lifting is accomplished before a new motor unit is recruited.
On the other hand, the present study has shown an increase in muscle activation when the small container was lifted. This can be explained as follows: The subjects predicted that the weight of the smaller container would be light judging from outward visual information and an internal model. However, an error was made between the feedback information regarding the subjective assessment of the weight of the object. This error was compared and collated in the central nervous system centered within the cerebellum (feedback-error-learning) (Kitazawa et al., 1998) . The error was corrected by recruitment of a new motor unit to accomplish the task. Therefore, the muscular activity of the upper-limb during a lifting motion could be forecast through an internal model formed based on the perception of the size of the object and on past experience, in addition to the introspective decision that the small container was heavier than the large container. However, this study has shown that this prediction was immediately corrected by the feedback of subjective sensory information indicating that the object was "heavy." The fact that the muscle force generated while lifting the two containers began to become more equivalent as additional tests were carried out indicates that sensory perception regarding the weight of the object was becoming a learned experience. In other words, an error in the sensory prediction updated the internal model based on the information from somatic sensory feedback mechanisms (Berlucchi and Aglioti, 1997) . Therefore, there is a strong possibility that new feed-forward control was generated. Summing up the research results, muscle action is believed to be corrected by feedback after weight consciousness is generated by an illusion of size and weight. This is motor learning and is an updating of the internal model of motion. This is corroborated by the fact that significant errors could not be detected in the activity of designated skeletal muscles 30 days later. The brain has an intrinsic ability to estimate the output of force required to perform specific tasks based on prior learning and adjust the predicted value based on sensory input in order to control the force and adjust to the actual weight of the object. Thus, it can be surmised that the feed-forward control mechanism of memory acquired through somatic sensory information related to the weight of the object during the initial phase of lifting the object was used to control the sensory information regarding the visual size of the object.
Almost all the subjects in our study experienced the sizeweight illusion, which remained with them even though the activity of contracting muscle began to match the actual weight of the object. Quite a few subjects still judged that the small container was heavier than the large container even though 30 days had passed after the first experiment. This suggests that the size-weight illusion does not relate to errors in the prediction of sensory motion that conform to perception quantities based purely on motion experience, and that the mental image gained through semantic knowledge (Ellis and Lederman, 1998 ) that small objects are lighter than larger objects and through the contexts in semantic memory (Ross, 1969) is influencing the perception of heaviness.
When the estimation of the weight based on visual perception of the object is inaccurate, muscle activity does not recruit correctly, which causes unusual muscle tone and possibly gives rise to the low back pain. The relationship between tools (objects) and low back pain can be revealed by introducing a perceptual psychological perspective such as the relationship between the size and the weight of the object to bioengineering.
This study suggests that an internal model gained through the perception of the size of an object and through past experience influences the amount of muscle contraction predicted to be required to control lifting motions performed by the upper arm. This study has also defined the processes of both feed-forward and feedback control of muscle contraction corrected by the subjective perception of the weight of the object. Nevertheless, in reality, the spatial processing inside the brain and temporal relativity in this process remain an issue that needs to be addressed. In the future, derivation of the error-related negativity (ERN) and time series analysis of muscular discharge will be needed. It is known that semantic knowledge modifies the perceived weight of an object, undoubtedly through synesthesia of metaphor images and semantic memory of which clues are provided and influenced by factors including the shape, color, material, name and other parameters, aside from the size of the object. Therefore, it is important to further define such influential factors related to subjective assessment regarding the weight of objects.
